ABSTRACT. The ability of peripheral blood mononuclear decreased resistance to viruses, such as the clinically important cells (PBMC) from newborn infants, gestational age 24-herpes viruses (I), may be explained by an immaturity of the 42 wk, to produce interferon-a (IFN-a) on the first day immune system (2-4). Also deficiencies in the IFN system, which after birth was studied in vitro. Human amnion cells contributes to the natural immunity to viruses (5, 6), may be of (WISH) coated with herpes simplex virus type I and fixed importance. However, the results of several previous studies of by glutaraldehyde were used as IFN-a inducers. Individual the IFN system indicate that at least the ability of PBMC from IFN-a producing cells (IPC) among PBMC were deter-term newborn infants to produce IFN-a is similar to that of mined by an immunoplaque assay. The frequency of IPC adults (7-1 1). Systematic studies of PBMC of preterm newborn was low in all premature (536 wk) infants (median 0.3 infants (136 wk) however, have not been reported. IPC/104 PBMC, range 0.0-2.6), and significantly higher
IPC increased in PBMC from both preterm and term IFN-a production by PBMC from adults may require as yet infants, and in the latter group did not differ significantly unidentified soluble accessory factors released by PBMC (18) . from adult levels. The median production of IFN-a per This is suggested by the exceptionally low IFN-a responses at IPC was 1.1 U (range 0.0-2.8) in premature infants, 1.0 U low PBMC concentrations. The lowered response can be restored (range 0.0-8.8) in term infants and 3.2 U (range 1.5-8.0) by addition of conditioned medium from HSV-stimulated were decreased, a decline of IPC frequencies occurred. PBMC from adults. This decline was more marked and started at higher PBMC In our study we examined the HSV-induced IFN-a production concentrations in infants than in adults, and was prevented by PBMC, obtained directly after birth from children born at by addition of conditioned medium from herpes simplex 24-42 wk of gestation. The frequencies of IPC were determined virus type I-stimulated cultures of PBMC from adults. The by the immunoplaque technique, and the mean amounts of IFNresults suggest that PBMC of preterm infants on the first a produced per IPC were calculated. Also the influence of various day after birth are deficient both with respect to the concentrations of PBMC on the IPC response and its degree of proportion of actual IPC and to accessory mechanisms enhancement by soluble factors released by HSV-activated necessary for a normal IFN-a response. In contrast, IPC PBMC from adults was studied. frequencies in term infants approach levels of adults, but accessory functions may still be deficient. (Pediatr Res 27:7-10,1990)
MATERIALS AND METHODS
Blood samples. Samples were drawn from 14 consecutive Abbreviations preterm infants, gestational age 24-36 wk, birth wt 520-2360 g, FBS, fetal bovine serum and 17 term infants, gestational age 37-42 wk, birth wt 2730-HSV, Herpes simplex virus type 1 4470 g. All birth wt were appropriate for gestational age for IFN, interferon Swedish infants. Of the preterm infants, 12 were treated with IPC, IFN-a-producing cell continuous positive airway pressure or ventilator because of PBMC, peripheral blood mononuclear cells respiratory disturbances. One of the preterm infants later died in a cerebral hemorrhage, the other infants survived. In all infants born before 32 wk of gestation, an umbilical artery was catheterized directly after birth as a routine clinical procedure. In infants born after 32 wk of gestation, the clinical condition (respiratory Viral infections are relatively frequent and often more severe disturbances) required umbilical arterial or, in two patients (rhein newborn, especially preterm, infants than in adults. This sus immunization), umbilical venous catheterization. In 1 1 of the term infants umbilical cord blood was taken from the pla-
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The blood samples were always drawn directly after umbilical catheterization into heparinized tubes (Vacutainer, Becton Dickinson, Rutherford, NJ) and usually processed within 1 h after collection. Occasional samples were stored for at most 16 h at +4"C. No difference was observed in the IFN-a producing capacity of PBMC from adults prepared from fresh blood or from blood stored for 24 h at +4"C (data not shown). The PBMC were separated on Ficoll-Hypaque gradients (Pharmacia, Uppsala, Sweden) and washed twice in PBS. The PBMC were resuspended in ice-cold FBS (Cytosystems, Castle Hill, N.S.W., Australia) containing 10% dimethyl sulfoxide, frozen at -80°C for 4-24 h, and then stored in liquid nitrogen until tested for IFN-a production.
Induction of ZFN. The frozen PBMC were rapidly thawed, washed once and resuspended in RPMI 1640 medium, supplemented with L-glutamine (2 m~) , penicillin (60 yg/mL), streptomycin (100 pg/mL), HEPES (20 mM), and 10% FBS. The cells from all samples were diluted to a concentration of 2 x lo6/ mL, if not otherwise indicated.
The IFN-induction was carried out as previously described (14, 18) . In short, human WISH cells were seeded in 96-well microtiter plates and fixed with glutaraldehyde. The plates were then incubated with HSV for 6 h at 37"C, then again fixed, blocked with glycine, and finally rinsed with PBS. The PBMC were added to the induction wells in triplicates (0.1 mL/well), and incubated for 8 h at 37°C and 7% COz in air.
The induction of IFN was carried out also in the presence of 25% of a conditioned medium. The conditioned medium was collected from cultures of T cell-depleted nonadherent PBMC from adults, stimulated for 6 h by HSV-infected WISH cells in 24-well plates. Such conditioned medium has an enhancing effect on the IFN-a response of PBMC from adults, especially at suboptimal culture conditions, without itself inducing IFN-a (18) .
Zmmunoplaque assay. The detection of individual IPC was performed as previously described (14, 18) . In brief, nitrocellulose bottomed 96-well Millititer-HA plates (Millipore Co., Bedford, MA) were coated with bovine anti-IFN-a antibodies (AS 94, Wellcome Research Foundation, Beckenham, UK), fixed with glutaraldehyde, and washed with PBS. The induced PBMC were suspended after 8 h in the induction cultures and transferred in a one-to-one well fashion to the millititer plates. After overnight incubation at 37"C, the plates were incubated with the murine monoclonal anti-IFN-a antibody LO 22 (provided by Dr. K. Berg, Copenhagen, Denmark) (19, 20) , peroxidase conjugated goat-antimouse IgG antibodies (Jackson ImmunoResearch, Avondale, PA), and the substrate diaminobenzidine, in sequence with intervening washes. The stained plaques in each well were counted under a macroscope.
Control experiments showed that the IPC frequencies were the same in previously frozen PBMC as in fresh PBMC from both infants and adults.
ZFN assay. The antiviral activity was measured as inhibition of the cytopathic effect of vesicular stomatitis virus in WISH cell cultures (2 1). The National Institute of Health reference leukocyte IFN-a GA-23-902-530 was used to calibrate our own internal laboratory standard. The quantity of IFN produced per IPC was then calculated by dividing the amount of IFN per culture with the number of IPC detected in parallel induction cultures.
Statistical analysis. Data are expressed as medians and range for each group. Differences between groups were analyzed using the Mann-Whitney U test or, for paired observations, the Wilcoxon signed rank test. Groups were considered to differ significantly when p was less than 0.05. collected from all the infants born before 36 wk of gestation. In most (1 1/18) infants born at 36 wk of gestation or later, higher IPC frequencies were seen. As summarized in Table 1 , the IPC frequency in the group of preterm infants was significantly lower than in term infants (p < 0.05). The IPC frequencies in both groups, as well as in the combined group of infants, were significantly lower than in adults ( p < 0.00 1, p < 0.05, and p < 0.00 1, respectively).
RESULTS

ZFN-a response in newborn infants of different gestational age.
No difference was observed between the IPC frequencies of PBMC from cord blood or from blood collected by cannulation of umbilical veins or arteries of term infants (results not shown).
The quantity of IFN produced per IPC was calculated from the concentration of IFN in the culture supernatants after 24 h of induction, divided by the number of IPC per culture. Each detected IPC corresponds in preterm infants to 1.1 U IFN (range 0.0-2.8, n = 7), in term infants to 1.0 U (range 0.0-8.8, n = 8), and in adults to 3.2 U (range 1.5-8.0, n = 10). The IFNproduction per IPC of both preterm infants and the combined group of infants, but not term infants solely, were significantly lower than that of adults ( p < 0.01).
Effect of conditioned medium on induction of IPC. The induction cultures were supplemented with conditioned medium from cultures of HSV-stimulated PBMC from adults. Such condi-
tioned medium at a concentration of 25% increased the IPC frequencies significantly in cultures of PBMC derived from both preterm and term infants ( p < 0.005), but not from adults (Table   I ). However, the net increase in IPC frequencies in the preterm infants was small (0.7 IPC/104 PBMC). Despite addition of conditioned medium, significant differences still remained between frequencies of IPC of preterm and term infants ( p < 0.02), between preterm infants and adults ( p < 0.001), but not between IPC frequencies of term infants and adults. The results described above were obtained at a concentration of 2 x 1 O6 PBMC/mL. When sufficient amounts of PBMC were available, the IFN-a response was evaluated at different concentrations of PBMC in the induction cultures, with or without addition of conditioned medium. The results from these dilution experiments are given in Figures 2 A and B , respectively. The gradual decrease in frequencies of IPC with decreasing concentrations of PBMC was more pronounced in the two groups of infants than in adults (Fig. 2A) . Thus, the median frequencies of IPC at 0.5 x lo6 PBMC/mL of preterm and term infants were only 25 and 12%, respectively, of the peak IPC frequencies at 2 x lo6 PBMC/mL, compared to 74% in adults. Consequently, the differences between IPC frequencies of term infants and adults are more prominent at 0.5 X lo6 than at 2 X lo6 PBMC/ mL ( p < 0.002 and < 0.05, respectively).
The conditioned medium largely abrogated the decrease in frequencies of IPC at lowered concentrations of PBMC (Fig. 2B) . Consequently, the effect of conditioned medium, i.e. the increased frequencies of IPC, were most marked at the lowest concentrations of PBMC.
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DISCUSSION
We could demonstrate that the IFN-a response of PBMC from newborn infants, especially preterm ones, was deficient compared to that of PBMC from adults. This was evident as lower frequencies of IPC and as lower quantities of IFN-a produced per cell after in vitro stimulation by glutaraldehyde-fixed HSVinfected WISH cells.
At high (2 x lo6 cells/mL) concentrations of PBMC obtained from term newborn infants, the HSV-induced IFN-a response was decreased but could be restored to levels not significantly different from adults by addition of conditioned medium from cultures of adult PBMC stimulated by HSV. Such conditioned medium contains soluble factors, possibly cytokines, which appear to be important cofactors in the normal HSV-induced IFNa response (1 8). Thus, given the appropriate culture conditions, including concentrations of PBMC high enough to yield suficient amounts of cofactor(s), the IFN-a responses of PBMC from term infants might appear relatively normal. This is in line with results of others that indicate normal levels of IFN-a in culture medium of HSV-stimulated (10, 11) or Sendai virus stimulated (7, 22) PBMC from term infants.
At low concentrations of PBMC our results clearly demonstrate lower IFN-a responses in term infants than in adults. The gradual decrease in frequencies of IPC at decreasing concentrations of PBMC was more pronounced in PBMC from term infants than from adults. This phenomenon could largely be prevented by addition of the conditioned medium. Our results are therefore compatible with the hypothesis that the frequency of potential IPC in term infants may not differ significantly from that of adults, but their IFN-a responses are, at least in vitro, limited by a deficiency in the production of accessory cofactor(s).
For preterm infants, the frequencies of IPC among the PBMC were about 5%, and the quantity of IFN produced per IPC about 30%, of adult levels when induced at 2 x lo6 PBMC/mL. The HSV-induced IFN-a response in preterm infants was not only lower than in the adults but also significantly lower than in term infants, indicating a more profound defect in the IFN-CY response in preterm infants. As the increase in frequencies of IPC caused by addition of conditioned medium was small in preterm infants, we suggest that their deficiency resides both in potential IPC and in the accessory mechanism(s).
It is interesting to note that a marked improvement in the IFN-a producing ability occurred in the infants born after gestational wk 36, marking the end of the preterm period. This change may therefore be part of a programed normal adaptation of the immune system to extrauterine life.
Our observations suggest that newborn infants, especially preterm ones, are deficient in their IFN-a-producing capacity, at least when induced in vitro by HSV-infected cells. This defective IFN production may be one cause of the relatively high frequency, and the more severe course, of viral infections in newborn infants, particularly in preterm ones. It is therefore important to further explore the relevance of our findings to the in vivo situation.
